ABSTRACT: Amnesia is associated with impairments in relational memory, which is critically supported by the hippocampus. By adapting the transitivity paradigm, we previously showed that age-related impairments in inference were mitigated when judgments could be predicated on known pairwise relations, however, such advantages were not observed in the adult-onset amnesic case D.A. Here, we replicate and extend this finding in a developmental amnesic case (N.C.), who also shows impaired relational learning and transitive expression. Unlike D.A., N.C.'s damage affected the extended hippocampal system and diencephalic structures, and does not extend to neocortical areas that are affected in D.A. Critically, despite their differences in etiology and affected structures, N.C. and D.A. perform similarly on the task. N.C. showed intact pairwise knowledge, suggesting that he is able to use existing semantic information, but this semantic knowledge was insufficient to support transitive expression. The present results suggest a critical role for regions connected to the hippocampus and/or medial prefrontal cortex in inference beyond learning of pairwise relations.
INTRODUCTION
Relational memory is a critical component of higher-order cognitive functioning (Konkel et al., 2008; Moscovitch, 2008; Addis et al., 2011; Duff and Brown-Schmidt, 2012; Cohen, 2015) and is sensitive to neurological disturbances and aging (Ryan et al., 2013; D'Angelo et al., in press) . Relational memory impairments can lead to impairments in the ability to infer novel information indirectly from prior learning (Smith and Squire, 2005; Ryan et al., 2016) . Impairments in the ability to make inferential judgments in novel situations have implications for social learning, as inference is a key component in problem solving and for guiding behavior in social interactions (Holyoak, 2012; Koscik and Tranel, 2012a,b) .
Although amnesic cases can demonstrate intact prior knowledge of relations, it remains unclear whether such prior knowledge can be used to support novel inferences in amnesic cases.
Amnesia is often characterized as a pervasive impairment in the ability to learn novel, arbitrary relations among individual stimuli due to damage to the hippocampus and the extended hippocampal system (EHS) (Cohen and Eichenbaum, 1993; Aggleton and Brown, 1999; Ryan et al., 2000; Moses and Ryan, 2006) . To date, relational memory impairments in amnesic cases have most often been examined using tasks that test relations that had been directly studied. For example, in the transverse patterning (TP) task (Spence, 1952; Rickard and Grafman, 1998) , individuals are typically required to learn novel relations among three stimuli (A, B, C), where each stimulus wins in the context of one of the other stimuli and loses in the context of the remaining stimulus. Amnesic cases show intact performance on TP when the relations were learned prior to their neurological insult (Moses et al., 2008a) , and are impaired on TP when the relations are arbitrary and must be learned in the confines of the experiment (Rickard and Grafman, 1998; Moses et al., 2008a; Ryan et al., 2013; D'Angelo et al., 2015) . However, these impairments can be mitigated when learning of arbitrary relations is supported by a unitization strategy (Ryan et al., 2013; D'Angelo et al., 2015) .
Inference performance has often been studied using the transitive inference (TI) task (Dusek and Eichenbaum, 1997) , in which individuals first learn a series of pairwise relations (e.g., A wins over B, B wins over C, C wins over D, D wins over E), after which they are tested on novel pairs (e.g., B vs. D), which require inference of a hierarchy within the stimuli (A > B > C > D > E). Prior work has demonstrated impaired TI performance in human amnesic cases (Smith and Squire, 2005; Smith et al., 2014) and in hippocampal lesion studies with non-human animals (Dusek and Eichenbaum, 1997) . However, in TI, some stimuli are always rewarded (e.g., A), and other stimuli are never rewarded (e.g., E). As a result, the intervening stimuli can be biased through the associative strength of the end stimuli (Frank et al., 2003) , such that performance can be guided by associative strength of individual stimuli rather than by relational knowledge of the hierarchy (Moses et al., 2008b; 2010a) .
To examine the extent to which prior knowledge can be used to support inferential judgements in amnesia, we used a version of the transitivity task (Bunsey and Eichenbaum, 1996) adapted for use with humans . In the transitivity task, participants are shown a sample stimulus (e.g., A) and two choice stimuli (e.g., B, X) and are asked to select the choice stimulus that "belongs" with the sample stimulus (e.g., A ! B). Through training, participants learn the relations among pairs of stimuli that comprise two sets (e.g., A ! B, B ! C, C ! D; W ! X, X ! Y, Y ! Z). Inference can then be tested using novel pairs containing indirect relations that can only be solved when knowledge from trained pairs is bridged (e.g., A ! C?Y?, where C is the correct inference). Critically, unlike TI, the problems are setup such that associative strength cannot be used to guide performance, as the associative strength among the choice stimuli is equated (e.g., C and Y were rewarded an equal number of times during the training phase). Our adaptation of the transitivity task includes multiple conditions that vary in terms of whether the items and/or relations among items are known a priori from accumulated semantic knowledge. Critically, one condition (known items/pairwise relations) allowed us to test the expression of novel inference in the context of previously known relations. In this condition, the pairwise "premise" relations in each set (e.g., A ! B, B ! C, C ! D) were comprised of relations known from prior knowledge [e.g., ball of yarn (A) ! knitted scarf (B), knitted scarf (B) ! ice skates (C), ice skates (C) ! baseball, and glove (D)], but critically, the novel inference trials were not comprised of semantically rich relations [e.g., ball of yarn (A) ! ice skates (C)]. This condition was contrasted with a condition requiring novel inference following learning of arbitrary relations (known items/arbitrary relations).
Using these conditions, we recently examined whether prior knowledge could support inferential judgments in older adults , as older adults also show impairments on TP (Driscoll et al., 2003; Ostreicher et al., 2010) and TI (Ryan et al., 2009; Moses et al., 2010b) . Relative to younger adults, older adults showed impaired relational learning of premise pairs in the known items/arbitrary relations condition, but older adults had intact knowledge of relations that could be based on prior semantic knowledge (known items/pairwise relations condition). Critically, although older adults had impaired transitive expression when novel inferences had to be made across pairs of relations that were learned within the confines of the experiment, transitive expression was intact when novel inferences were made across pairs of relations that were pre-experimentally known (known items/pairwise relations condition). In sum, older adults showed intact inference for novel problems when there was intact knowledge of the premise relations.
Our prior study ) also examined whether prior knowledge could support inference in an amnesic case, D.A., who has bilateral damage to his medial temporal lobe (MTL), including the hippocampus, as well as damage to the right ventromedial prefrontal cortex (vmPFC) and right anterior temporal lobe (ATL) (Rosenbaum et al., 2008) . Like the older adults, D.A. showed impaired relational learning of novel premise pairs, but intact relational knowledge based on semantic memory. However, unlike older adults, D.A.'s inference performance was impaired regardless if the transitive expression was based on arbitrary relations that had to be learned within the confines of the experiment or was based on pre-experimentally known relations. We previously hypothesized that D.A.'s inability to use prior knowledge to mitigate his deficit may be the result of his damage to the right ATL, an area previously implicated in the ability to use prior knowledge to scaffold new learning (Kan et al., 2009 ) and as the hub of semantic memory processing (Patterson et al., 2007) . It is therefore possible that intact transitive expression can be achieved in other amnesic cases through bridging in semantic memory if the semantic network (including ATL) is relatively intact.
The present study is encouraged by recent neuroimaging studies that have investigated the role of the hippocampus in inferring new relations. During fMRI scanning, tested participants on an inference task similar to the transitivity paradigm used in the current study. The authors found a dissociation between anterior and posterior regions within the hippocampus, whereby anterior regions were associated with integration, while posterior regions were associated with maintaining distinct representations (see also Shohamy and Wagner, 2008; Collin et al., 2015) . Using a similar task and MEG, Backus et al., (2016) found that hippocampal theta power at encoding predicted later inference, and found increased theta coherence between the hippocampus and medial PFC. These and other recent neuroimaging studies have highlighted a role for the hippocampus in inference, and in particular have highlighted how integration may occur at encoding and/or at test, depending on task demands (Zeithamova et al., 2012 ; see also .
Although these neuroimaging studies provide insight into the regions and networks involved in relational learning and inference, they do not provide information regarding the critical role of these regions/networks. In particular, the findings from neuroimaging stand in stark contrast to a recent case study that reported impaired inference only in cases with vmPFC damage, but not in cases with unilateral hippocampal damage, when pairwise relations were known (Koscik and Tranel, 2012b) . Therefore, to understand the critical role of the hippocampus and its extended network, case studies are required to test the predictions made by neuroimaging studies (see Rosenbaum et al., 2014) . Given the predictions made by the fMRI work and our prior work with D.A. , the present study examined whether D.A.'s impaired inference in the context of known pairwise relations would be replicated in a case of developmental amnesia, N.C. (D'Angelo et al., 2015) . N.C. has damage to the EHS and diencephalic regions that does not include the hippocampus and vmPFC but that connects these regions. If, like D.A., N.C. shows impaired inference in the context of known pairwise relations, then it would suggest that deficits in binding and inference can occur when the hippocampal system is disconnected from the vmPFC, even in the absence of frank hippocampal damage. This finding would be consistent with the neuroimaging studies reviewed above . It would also suggest that D.A.'s impaired performance in this condition was not due to his additional right ATL damage. If it had been the case that N.C. were able to perform inference in the context of known pairwise relations, then this finding would be consistent with prior patient work showing intact inference in cases with MTL damage when the pairwise relations are known (Koscik and Tranel, 2012b) .
This study was further motivated by the fact that N.C. is a developmental amnesic case, and thus there may be a greater chance of reorganization due to the early onset of the amnesia. Like other developmental amnesic cases, N.C. shows a dissociation of impaired episodic memory in the context of relatively spared semantic memory (Vargha-Khadem et al., 1997; D'Angelo et al., 2015) , which stands in contrast to adultacquired cases who typically show impaired semantic memory for learning that occurs after the onset of their amnesia (O'Kane et al., 2004; Bayley et al., 2008) . One caveat is that the semantic learning observed in developmental amnesia occurs gradually over time and is typically not equivalent to the rapid learning observed in healthy adults (Gardiner et al., 2008) who can benefit from episodic encoding. Despite slowed semantic learning in developmental amnesia, there is some evidence that semantic knowledge can support other cognitive functions typically reliant on the hippocampal system, as the developmental amnesic case Jon was able to use semantic information to support "episodic" recall (Brandt et al., 2006 ). Jon's ability to use semantic learning to support other cognitive functions may be the result of plasticity and reorganization that can occur in developmental amnesia due to the early age of injury (Vargha-Khadem et al., 2003) .
In sum, the present study examined whether the findings of impaired inference observed in D.A. would also apply to a developmental amnesic person who has a greater chance for semantic reorganization. N.C.'s particular pattern of damage would also inform whether anteromedial thalamic damage is sufficient to lead to a similar pattern of impairment as observed in D.A., and whether the hippocampus and EHS are critical for inference. If N.C. shows impaired TI in the context of semantic pairwise knowledge, it would suggest that inference requires hippocampal binding even when pairwise knowledge is supported by existing semantic memory. The results of this study will further our understanding of the conditions under which strategies based on semantic knowledge can support other cognitive functions in amnesia. Moreover, the results of the present study would contribute to our understanding of the nature of inference itself.
METHODS

Amnesic Case
N.C. has previously been described in D' Angelo et al. (2015) . Briefly, N.C. is a young, right-handed man with 14 yr of education, including high school and 1 yr of technical college. He was aged 20 at the time of testing. N.C. experienced a thalamic stroke shortly after birth, which primarily affected the right mediodorsal nucleus, and partially affected the left mediodorsal nucleus and right anterior nucleus. N.C. also has reductions to his right fornix and his mammillary bodies, especially on the right. N.C.'s left lateral ventricle is larger than the right. He has white matter changes along the left lateral ventricle and also in the left temporal lobe, with the inferior longitudinal fasciculus most involved. See Figure 1 for MR scans highlighting N.C.'s damage.
Neuropsychological Tests & Results
The results of an updated neuropsychological evaluation performed when NC was 20-yr old are shown in Table 1 . As described in D' Angelo et al. (2015) , these results confirmed that in the context of average intelligence, N.C. was severely impaired on tests of delayed recall. N.C. also performed below expected levels on tests of working memory and more complex aspects of visuospatial processing (e.g., recognizing faces, integrating details into a complex figure). In contrast, his performance was largely intact on standard measures of semantic knowledge, language, processing speed, and executive function (see Table 1 ).
Apparatus and Stimuli
The apparatus and stimuli were identical to those used in our prior work . The experiment was programmed and run on a desktop computer connected to a 19-inch monitor using E-prime 1.1. N.C. responded using the keys "Q" and "P" on a standard keyboard. Each of the four stimulus conditions consisted of eight colored stimuli divided into two sets (see Fig. 2 ). The four stimulus conditions differed based on whether the objects and their relations were known before the experimental session.
Known items/semantic relations (K-S)
The K-S condition consisted of two groups of known objects, whose relations within each group were also known before the experimental session. In this condition, one group of objects (A, B, C, and D) were all items typically found in a kitchen, while the other group of objects (W, X, Y, and Z) were all items used for gardening.
Known items/pairwise relations (K-P)
The K-P condition consisted of two groups of known objects where the relations among all of the items within each group were not known a priori, but in which consecutive pairs of items in each group had meaningful relations. For example in the first set of objects (A, B, C, and D), the yarn (object A) is meaningfully related to the scarf (object B), the scarf is related to the ice skates (object C), and the skates are related to the baseball glove (object D). However, there are no preexisting, commonly used, meaningful relations among the nonconsecutive items (A-C, A-D, B-D), such as between the yarn and the baseball glove, the yarn and the skates, or the scarf and the baseball glove. Similarly, in the second set (W, X, Y, Z), the construction hat (object W) is meaningfully related to the nails (object X), the nails are related to the picture frame (object Y), and the picture frame is related to the camera (object Z). Once again, although these pairwise relations exist among the consecutive items, there are no meaningful relations among nonconsecutive items (W-Y, W-Z, X-Z; the construction hat and the picture frame, the construction hat and the camera, or the nails and the camera).
Known items/arbitrary relations (K-A)
The K-A condition consisted of two sets of known objects, whose relations within each group were not known prior to the experimental session, and for which no overall or pairwise relations were known prior to training. For example, in one set Tombaugh et al., 1999. e Lower scores indicate better performance; f Tombaugh, 2004. the relations among an umbrella (object A), a set of keys (object B), a brush (object C), and a flashlight (object D) were learned and were separate from the relations among an armchair (object W), a hanger (object X), a wrench (object Y), and a barbeque (object Z). All objects in the known item conditions were common, nameable objects selected from the Hemera 3.01 database.
Novel items/arbitrary relations (N-A)
The N-A condition was identical to the known items/arbitrary relations condition, with the exception that eight novel, abstract objects were used as the stimuli. These objects were created using Corel Draw v.12.
Procedure
Each condition consisted of three training blocks followed by a no-feedback test block, described below. N.C. was trained and tested on the four conditions over five separate sessions (see Table 2 ). The conditions were always administered in the following order: K-S, K-P, K-A, and N-A to ensure understanding of the task requirements. In Session 1, N.C. did not complete the test phase for the K-A condition due to low performance in the training phase. Given his poor performance in the K-A, the N-A condition was not administered in Session 1. In Session 2, N.C. was trained and tested on all conditions. In Session 3, N.C. completed all conditions with the exception of N-A, which was excluded due to time constraints. In Session 4, N.C. was trained and tested on all conditions, with the exception that he was not given the test phase for condition N-A, due to low performance in the training phase. In Session 5, N.C. was trained and tested on all four conditions.
Training phase
On every trial, N.C. was shown a problem set containing three items (see Fig. 3 ). A sample object was presented centrally on the upper half of the screen for 2 s on its own, after which two choice items appeared on the lower half of the screen, one on the left and one on the right. N.C. was instructed to pick the choice object that made a correct pairing with the sample object, using the left and right response keys to pick the left and right choice items, respectively. A happy cartoon face and the phrase "Correct!" was presented following correct responses, and an angry cartoon face and the phrase "Wrong!" was presented following incorrect responses. N.C. was required to learn the relations among the items through trial and error.
The training phase consisted of three blocks in which N.C. was trained on the relations among consecutive pairs of items in each set. In the first block, all of the samples were drawn from the first set of stimuli (A, B, C, D-see Fig. 1 ). Each problem set was presented consecutively and this sequence was repeated four times for a total of 12 trials (i.e., [A ! B vs. X; B ! C vs. Y; C ! D vs. Z] x 4). The second block was identical to the first block with the exception that all of the samples were drawn from the second set of stimuli (W, X, Y, Z). In the third block, samples were drawn from both stimulus sets. Each problem set the two sets of stimuli were presented six times in the third block (i. . Within each of the six presentations, the sequential order of the problem sets was maintained, but the order of Set 1 or Set 2 first was randomly selected. Therefore, learning always followed the same sequence, analogous to procedures used in animal work (Bunsey and Eichenbaum, 1996) .
Training blocks advanced only if the criterion of 70% accuracy was achieved. If accuracy was less than 70%, the block repeated. Testing within a condition was terminated if a study block was repeated six times without criterion being reached.
Test phase
The test phase was identical to the training phase with the following exceptions. The test phase included four trial types: studied, one-away, two-away, and mixed. Studied trials were identical to those presented during training and tested the relations among consecutive items within each set. The remaining trial types tested N.C.'s ability to derive the relations among nonconsecutive items within each set. These novel probe trials included problem sets in which the sample was separated from the choice items by one Depiction of the training and test sequences in the transitivity task. Trials were self-paced and feedback was provided in the training phase only. The sample stimulus was presented at the top of the screen, and the two choice stimuli were presented along the bottom of the screen. Participants were required to select one of the two choice stimuli that 'belonged' with the sample stimulus. Test trials could depict previously studied relations (studied trials), or novel relations that had to be inferred across pairs of previously studied relations (novel probe pairs). Novel probe pairs include pairs in which the sample was separated from the choice items by one (1-away), two (2-away) or a mixture of one and two intervening items and their respective relations (mixed). six times) for a total of 96 trials in the test phase. No feedback was given in the test phase.
In both the training and test phases the correct choice stimulus was counterbalanced such that it appeared an equal number of times on the left and right sides of the screen.
Healthy Controls
N.C.'s performance was contrasted with performance of the 36 healthy younger adults described in our prior work . Briefly, 36 healthy younger adults (mean age 5 23.1, SE 5 0.5, range: 18-28) with no known pathology were recruited from the volunteer participant pool at the Rotman Research Institute at Baycrest. All participants gave informed written consent and participated in exchange for monetary compensation. This experiment received ethics approval from the Toronto Academic Health Science Council.
The procedure for the healthy controls was identical to the procedure for N.C. with the following exceptions. The first difference concerned whether the sample and choice stimuli were presented together during training and/or test. Twelve of the healthy controls completed the task with identical stimuli presentation as N.C.: the sample and choice stimuli were presented together both during training and test, as outlined above (sample alone for 2 s, after which the two choice stimuli were presented along with the sample until a response was made). This is the experiment version referred to as onset in our prior study. Twelve healthy controls saw the sample stimulus separately from the choice stimuli for both the training and test phases. In both phases, these participants were shown the sample stimulus presented alone for 2 s, followed by a blank screen for 3 s, and finally the two choice stimuli were presented until a response was made. This is the experiment version to as delay in our prior work. The remaining twelve healthy controls were shown the choice stimuli along with the sample stimulus during the training phase (as in the onset condition), but in the test phase the choice stimuli were presented separately from the sample stimulus (as in the delay condition). This is the experiment version referred to as onset 1 delay in our prior work. The sample and choice stimuli were presented together or separately during training and/or test to examine the role for the hippocampus in bridging information across time (Wallenstein et al., 1998; Bangasser et al., 2006) . In our prior work, we found no consistent differences across the different experiment versions , therefore N.C. was only trained on the onset condition.
Order of stimulus conditions and experiment version were counterbalanced across conditions in the healthy controls. N.C. was always given the task in the same order (K-S, K-P, K-A, N-A) in an effort to support his understanding of the task demands.
Analysis
Training accuracy was analyzed using a mixed-effects repeated measures analysis of variance, where stimulus condition (K-S, K-P, K-A, and N-A) was included as a within-subjects factor. Test accuracy was analyzed using a repeated measures analysis of variance, which included stimulus condition and trial type (studied, one-away, two-away, vs. mixed pairs) as within-subject factors. To simplify the presentation of results, experiment version (onset, onset 1 delay, and delay) and stimulus condition presented first (K-S, K-P, K-A, and N-A) were not included in the present set of analyses. N.C. was not given either of these manipulations, and we found no consistent interactions of these variables with stimulus condition or trial type in our prior analyses . The inclusion of these two variables in the present set of analyses showed the same pattern of results and the results of these analyses are available on request. N.C.'s performance was examined relative to healthy controls by contrasting his performance against the 95% confidence interval (CI) of healthy controls, as done in our prior work (Moses et al., 2008a; Ryan et al., 2013) .
RESULTS
Training Phase-Healthy Controls
Accuracy in the training phase for the healthy controls and N.C. is plotted in Figure 4 . The analysis of accuracy in the training phase revealed a main effect of stimulus condition (F(3,105) 5 21.2, P < 0.001, e 5 0.70, h 2 p 5 0.38). As expected, accuracy was highest in the two conditions with semantic relations (M 5 0.97, SE 5 0.01 for both the K-S and K-P conditions), followed by the K-A condition (M 5 0.92, SE 5 0.01) and was lowest in the N-A condition (M 5 0.89, SE 5 0.02).
Training Phase-N.C N.C. performed similarly to healthy controls on the conditions when prior knowledge supported performance (K-S: M 5 0.99; K-P: M 5 0.98). In contrast to his high Mean accuracy in the training phase for healthy controls (from Ryan et al., 2016) and N.C. as a function of the four stimulus conditions. Error bars represent the 95% confidence interval (CI) of the mean accuracy in the healthy controls. The dotted line here and in all graphs represents chance performance (0.50).
performance in the two conditions supported by prior knowledge, N.C. was impaired on the conditions where arbitrary relations had to be learned (K-A: M 5 0.64; N-A: M 5 0.61). N.C.'s pattern of performance in the study phase replicates what was found with amnesic case D.A. , as well as prior work showing impaired learning of arbitrary relations in amnesic cases, but intact processing of relations known prior to neurological insult (Moses et al., 2008a; Ostreicher et al., 2010; Ryan et al., 2013; D'Angelo et al., 2015) . Importantly, N.C.'s intact performance on the conditions supported by prior knowledge is consistent with prior work showing evidence for the prior and ongoing acquisition of semantic knowledge in developmental amnesia (Vargha-Khadem et al., 1997; Gardiner et al., 2008) .
No-Feedback Test Phase-Healthy Controls
Accuracy in the no-feedback test phase for the healthy controls and N.C. is plotted in Figure 5 . Similar to the analysis of the training phase, the analysis of the test phase revealed a significant main effect of stimulus condition (F(3,105) 5 7.48, P < 0.001, e 5 0.87, h The analysis revealed a significant main effect of trial type (F(3,105) 5 7.47, P < 0.001, e 5 0.87, h 2 p 5 0.18). Participants had higher accuracy for the previously studied pairs (M 5 0.92, SE 5 0.02) than for the inference pairs (range 5 0.88-0.89 for one-away, two-away, and mixed pairs).
Trial type also interacted with stimulus condition (F(9,315) 5 3.02, P 5 0.002, e 5 0.56, h 2 p 5 0.08). The general pattern of higher accuracy for studied pairs relative to inference pairs was found for all conditions; however, the range of accuracies across trial types was exaggerated in the K-P condition (range 5 0.86-0.96). As discussed in our prior work , this exaggerated range of performance is not surprising, as the studied trials tested relations known prior to the Mean accuracy in the test phase healthy controls (from Ryan et al., 2016) and N.C. as a function of the four stimulus conditions and four trial types. Error bars represent the 95% CI of the mean accuracy in the healthy controls.
experiment, while the inference trial types (one-away, twoaway, and mixed) tested relations that had to be indirectly expressed based on knowledge of the premise pairs. In contrast, trial types in the other conditions either required the expression of pre-experimentally known relations (K-S condition) or novel relations that had to be acquired within the experimental session (K-A and N-A conditions).
No-Feedback Test Phase-N.C N.C.'s accuracy on the studied trials in the test phase mirrors his performance from the training phase. N.C.'s accuracy was similar to controls on the two conditions for which the relations were known pre-experimentally (K-S and K-P). N.C. was markedly impaired on the conditions where novel relations had to be learned (K-A and N-A), falling outside the 95% CI of controls' performance on studied trials for the two conditions, and with mean performance below chance in the N-A condition.
N.C. performed within the 95% CI of controls on the inference trials in the K-S condition, where performance was still supported by pre-experimentally known relations. Although N.C. demonstrated intact performance on the studied pairs for the K-P condition, he was unable to express novel inference with respect to these semantically rich premise relations, as demonstrated by his poor performance on the inference pairs. Therefore, although prior knowledge supported performance for the studied pairs, this pre-existing knowledge was unable to support the expression of inference across intervening levels of relational distance.
N.C. also showed impaired performance with accuracy outside the 95% CI of controls on the inference trials in the K-A and N-A conditions. Note that although N.C.'s accuracy on the inference trials appears to be higher in the N-A relative to K-A condition, he only completed two test phases in the N-A condition and thus his performance may not be reliable.
GENERAL DISCUSSION
The present study examined whether prior knowledge can support inference in a developmental amnesic case, N.C., who has diencephalic damage and atrophy within the EHS and associated episodic memory impairment. Despite N.C.'s early amnesia, he shows evidence of semantic knowledge acquisition. We examined whether N.C. was able to use this knowledge to support inference, as there is some evidence that developmental amnesic cases can use semantic information to support other cognitive functions (Brandt et al., 2006) , perhaps due to reorganization that occurs during development (Vargha-Khadem et al., 2003) . N.C. was unable to use his existing semantic knowledge to support novel inference, a finding that resembles that seen in the older, adult-onset, amnesic case, D.A., who has damage to the MTL bilaterally and right vmPFC and ATL . The results in N.C. extend this finding by indicating that anteromedial thalamic damage affecting hippocampal-vmPFC connectivity is sufficient to produce general impairments in relational learning and inference, even in the context of intact ATL and semantic knowledge.
During training, N.C. showed impaired relational learning relative to healthy controls in conditions where arbitrary relations had to be learned in the absence of prior knowledge (known items/arbitrary relations and novel items/arbitrary relations conditions). This result is consistent with prior work examining impaired relational learning in amnesia (Ryan et al., 2000; Moses et al., 2008a; D'Angelo et al., 2015) and replicates what we previously observed in D.A. using this paradigm . N.C. showed intact performance when the relations among premise pairs were known pre-experimentally (known items/semantic relations and known items/pairwise relations conditions). N.C.'s intact expression of pre-existing relational knowledge is consistent with previous work in adultacquired amnesia (Moses et al., 2008a; Ryan et al., 2013; D'Angelo et al., 2015) and developmental amnesia (VarghaKhadem et al., 1997) , and is consistent with D.A.'s performance on this same task .
N.C. showed impaired relational memory and transitive expression relative to controls in the test phase when performance could not be supported by prior knowledge (known items/arbitrary relations and novel items/arbitrary relations conditions). This finding is perhaps unsurprising given his impaired relational learning during training. When all possible relations among items in a set were supported by prior knowledge (known items/semantic relations), N.C.'s performance did not differ from that of controls: he was able to express his relational knowledge. Critically, when only pairwise relations among items in a set were supported by prior knowledge (known items/pairwise relations), N.C. showed intact knowledge of the premise pairs, but showed impaired transitive expression. In fact, N.C.'s performance was numerically below chance on all inference trials in this condition. N.C.'s belowchance performance reflects an inability to overcome biases in responding based on weak relational information from prior knowledge (e.g., construction helmet going with ice skates, or construction helmet going with baseball and glove). Although N.C. made responses based on weak relational information during the test phase, his postexperiment explicit responses did not always map onto these task responses. For example, he only explicitly grouped the construction helmet with the ice skates in Session 4, and never explicitly grouped the construction helmet with the baseball and glove.
N.C.'s impaired inference in the context of known pairwise relations suggests that he is unable to flexibly bridge across existing relations in semantic knowledge. This inability to flexibly bridge across existing relations is likely due to deficits in relational binding. We hypothesize that bridging across relations is critically dependent on the hippocampus, but that deficits can also occur when the hippocampal system is disconnected from the vmPFC, as may be the case in N.C. Our interpretation is also consistent with prior work with two other developmental amnesic cases (Gardiner et al., 2008; Rosenbaum et al., 2015) . For instance, although developmental amnesic case Jon has intact semantic memory for preexperimentally known facts, he was impaired and had slowed learning relative to controls when learning novel facts (Gardiner et al., 2008) . Likewise, developmental amnesic case H.C. showed intact spatial knowledge of her neighborhood and downtown area of her hometown, but showed impaired performance on tasks where she was asked to describe alternate routes to avoid blocked roads or barriers . Her impairments suggested that she could not use her existing knowledge with the same flexibility expressed in typically developing controls. This prior work shows that the relatively intact semantic knowledge that is often observed in developmental amnesia is qualitatively different from semantic knowledge observed in controls. The results from this prior work highlight the role of the hippocampus and its extended system in the development of semantic knowledge, as has been previously described (Cohen and Eichenbaum, 1993; Squire, 2004) .
Despite the many differences between D.A. and N.C. in terms of their pattern of damage, age, and the etiology of their amnesia, both cases were unable to perform inference in the context of premise pairs that contained relations known preexperimentally. Although N.C.'s hippocampi are volumetrically normal, the damage to his EHS (Aggleton and Brown, 1999) , including bilateral anteromedial thalamic damage, appears to have disrupted his relational learning and transitive expression. Within the thalamus, N.C. has volume reduction primarily within the right mediodorsal nucleus of the thalamus, with an additional lesion but no volume reduction within the left mediodorsal nucleus (Rosenbaum et al., in prep) . The mediodorsal nucleus forms part of a network between cortical MTL areas, including perirhinal and entorhinal cortices, and both medial and lateral PFC (Ketz et al., 2015) . N.C. also has a lesion (but no significant volume reduction) within the right anterior nucleus as well as an atrophied right fornix and small mammillary bodies, which may be of relevance for the present findings. These structures form part of a circuit connecting the hippocampus to medial PFC (Ketz et al., 2015) . It is possible that N.C.'s impaired ability to bridge across existing relations may reflect a critical disruption to this network. However, research involving additional cases is needed to test this hypothesis, in particular cases who have isolated deficits in one or another circuit.
The present set of findings add to prior work with nonhuman animals with lesions to the hippocampus that has identified a role for the hippocampus in TI in the context of successful learning of premise pairs (Bunsey and Eichenbaum, 1996) . N.C.'s impaired inference despite successful expression of relational knowledge of premise pairs is also consistent with prior work showing a role for the hippocampus in inference that extends beyond mere relational learning of the premise pairs (Myers et al., 2003; Preston et al., 2004; Shohamy and Wagner, 2008; Zeithamova and Preston, 2010; Collin et al., 2015; Backus et al., 2016) . The present work critically extends this prior work by showing that even when pairwise relations are pre-experimentally known, damage to the EHS nonetheless impairs inference, thus demonstrating a critical role for the hippocampal system in inference. The present work contributes to our understanding of what inference is by showing that inference involves the ability to flexibly bridge existing relations in memory, which likely entails the creation of new relations, a process that is critically dependent on the hippocampus. Based on prior neuroimaging work , we suggest that a level of stability of the premise relations may be required before bridging or integration can take place. This explanation is consistent with the results of our prior study , where we found that older adults were impaired in establishing premise relations and performing inference in the arbitrary conditions, but were able to perform inference when the pairwise relations were pre-experimentally known and stable (i.e., well-established during encoding/training phases). Depending on task demands and/or the stability of the premise relations, bridging (or integration) can occur at encoding, particularly for already stable premise relations, and/or at test, when memory and inference are probed. Critically, the present work also shows that deficits in binding and inference can occur in the absence of hippocampal damage, when the hippocampal system is disconnected from the vmPFC. Deficits in inference can occur despite the existence of seemingly stable premise relations (i.e., intact performance on the premise relations during the training phase).
In prior work, we suggested the possibility that D.A.'s inability to use prior knowledge to mitigate his deficit was due to damage to neocortical areas including the right ATL, which has been implicated in the ability to use prior knowledge to scaffold new learning (Kan et al., 2009) , and the right vmPFC, which has been implicated in inference (Koscik and Tranel, 2012b) and in rapid retrieval of relevant schemas to support flexible inference (Gilboa et al., 2009) . While N.C. does not have damage to the ATL or vmPFC, suggesting that these regions may not be critical to supporting inference in the pairwise condition, N.C. does have a lesion to the anterior nucleus of the thalamus and degradation of the right fornix and mammillary bodies, which may impact how information is relayed to the vmPFC (Aggleton et al., 2011; Pergola and Suchan, 2013; Ketz et al., 2015) . Therefore, it remains unknown whether N.C.'s performance is the result of damage to this pathway, which would be consistent with a prior study showing impaired inference despite intact pairwise learning in cases with vmPFC damage (Koscik and Tranel, 2012b) . Although more work is needed to clarify the roles of the EHS and the vmPFC in inference, the present findings highlight a potential critical role for the EHS in inference.
The hippocampus and its extended system may support inference in two ways. First, the bridging and expression of known relations in the known relations/pairwise condition may require storage of new relational knowledge representing indirect relations, which may be mediated by the hippocampus (Kumaran and McClelland, 2012) . In our prior work, we speculated that healthy older adults likely had sufficient residual hippocampal function to support this storage, but that D.A. did not . Although N.C. does not have hippocampal damage, it is likely that the damage to his anteromedial thalamus and reductions in his mammillary bodies and right fornix were sufficient to impair either the storage or retrieval of new relational information (Aggleton and Brown, 1999) , at either training or test.
Second, evidence points to a role for hippocampal-neocortical interactions in the assimilation of new knowledge into existing schemas (Tse et al., 2007 (Tse et al., , 2011 . Tse and colleagues have demonstrated a critical role for the rat mPFC and hippocampus in the integration of new information into previously stored knowledge. Although the homolog to the rat mPFC is under debate (Kesner, 2000; Farovik et al., 2008) , the vmPFC has been suggested to play a role in allowing rapid retrieval of relevant schemas to support flexible inference in humans (Gilboa et al., 2009; Kan et al., 2009) . Recent work has also shown that when new information is learned, vmPFC activity increases with increasing congruency between the new information and existing knowledge, while hippocampal activity shows the opposite pattern, showing increasing activity with decreasing congruency (van Kesteren et al., 2013) . These findings are consistent with a recent proposal that the vmPFC engages in evaluative processing, whereby the vmPFC drives the hippocampus to make new relations when needed, such as in the case of decreasing congruency (Liu et al., 2016) . Therefore, although N.C. was able to express knowledge for existing semantic information, his impaired inference in the pairwise condition may thus reflect an inability to reorganize the schema structure to reflect the incorporation of new, indirect relations, potentially because of disrupted hippocampal-neocortical interactions (Wang and Morris, 2010; McKenzie and Eichenbaum, 2011) .
In conclusion, the results from the present study confirm that relational learning and transitive expression in the context of arbitrary relations are impaired in a case of developmental amnesia, who has damage limited to the EHS. Importantly, the present results reveal intact semantic knowledge but show impaired inference in the context of intact pairwise knowledge. This work outlines the intriguing finding that the (extended) hippocampal system critically supports inference behavior, either due to functions within the hippocampus itself, or through the connections with neocortical regions. Moreover, the present work also suggests that inference is not simply the product of a process by which existing memory space is probed through prefrontal circuits, at least not without involving the hippocampus.
